ARR No. 4A28
4 /o /
/’E?fjﬁ«,g,{w", ces fL 2/3

) A G .
~ NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

=

~ WARTIME REPORT

ORIGINALLY ISSUED

January 194l ag
Advance Restricted Report 4428

DETERMINATICN OF THE EFFECT OF WING FLEXTBILITY ON
LATERAT, MANEUVERABILITY AND A COMPARISON OF
CALCULATED ROLLING EFFECTIVENESS
WITH FLIGHT RESULTS
By Sidney M. Harmon

Langley Memorial Aeronautical Leboratory
Langley Field, Va.

WASHINGTON

NACA WARTIME REPORTS are reprints of papersoriginally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution. .

L -~ 525

32
;



3 1176 01363 9886

NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

. . ADVANCE RESTRICTED REPORT

e A

DETERMINATION OF THE EFFLCT OF WING FLEXIBILITY ON
LATERAL MANEUVERABILITY AND A COMPARISON OF
CALCULATED ROLLING EFFECTIVFNESSY
WITH FLIGHT RESULTS
By Sidney M. Harmon

SUMMARY

An analysis is made to show that, vhen account 1s
telken of sideslip and wing flexibility, the calculated
rolling maneuverabillity of an alirplane 1s in good
agreement with the results obtalned from flight tests.
The method used fcr taking. into account the effect of
wing flexlbllity avolids the complicatlions of successlve
approximations but 1s nevertheless believed to be more
nearly accurate than othker methods based on semirigld-~
wing assumptions. The anpllcatlion of the method to a
wing of tubular shell construction 1s considered, and
the procedure 1s 1llustrated for a modern pursuit air-
rlane. .

INTRODUCTION

Flight results obtalned from reference 1 and other
sources 1ndicate that the rolling effectlveness of alr-
planes 1s in many cases lower than that predicted from
the theoreticeal method of reference 2, based on wind-
tunnel aileron effectiveness. Reference 3, on the
basls of a study of recent experimental data, has sug-
gested the use of an emplirical constant of 0.80 to ac-
count for the various factors contributing to the
reduction of rolling effectiveness in flight. The
present lnvestigation was undertaken in order to deter-
mine a procedure that would enable deslgners to make a
more nearly accurate predliction of the lateral maneuvera-
bility of alrplanes. Inasrmci as the lmportant factors
affecting the rolling maneuverablllty appeared to be
sldeslip and wing flexlbllity, the present analysls is
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concerned principally with a careful determination of the
influence of these factors and a comparison of the calcu-
lated with the flight results for rolling effectiveness

when allowance 1s made for sldesllip and wing flexibllity.

Methods for predlcting the effect cof sldeslip on
lateral maneuverabllity are given In references 2, 4, and
5 but in the present investigation measured sldeslip data
were avallaeble and the data were utilized 1n the com-
parison of the calculated rolling effectliveness wlith the
flight results.

A method for calculating the loss In lateral control
due to wing twlst 1s glven 1n reference 6. The method
presented therein, however, depends on an arbltrarily
chosen shape for the spanwlse twist distribution 1n con-
Junection with an empirically determined reference sectlon.
1"hls procedure for obtalning the spaunwlise twist distri-
bution, therefore, does not establish for any particular
case the required equlilibrium, at every section, tetween
the aerodynamic tcrque in the rolling maeneuver and the
elastlic force of the wing. For modern alrplanes,
moreover, on which the wingas have cut-outs for the landing
gear and armarent that cause comparatively large varia-
tions in the spanwlse torsional rigldity, 1t would be
particularly unlikely that an accurate spanwise twist
dlstribution could be obtalned frcm an arbltrarily chosen
sl.ape of spenwlse twlst dlstribution and an empirically
determined reference =section.

In order to obtaln greater accuracy in the calcula=-
tions for the effect of wing flexiblllty on rolling
maneuverablility, & method is developed 1n the present
Investigation in which the spanwise twlst distribtution is
computed on the basls of the actual wing elasticity rather
than by the method of reference 6. The required equl-~
librium between the aerodynamic torque and the elastilc
force is esatablished at every section wlth reasonable ac-
curacy without the complicatlions of the successive ap-
proximations ordinarily required to obtaln this equilib-
rium. It 1s Indlcated that the method 1s epplicable
to modern wing deslgns having conventional allerons.



- - SYMBOLS

L rolling moment, assumed posltive when rotation
of right wing 1s downward; for contrlbuting
factors, see subscripts

fq,f5, and fy factors denotling aspect-ratio correc-
tion applied to rolling moment com-
puted on basis of two-dimenslonal

flow
Lov2

q dynamlc pressure, pounds per square foot §p

P rolling veloclty, assumed positive when the right
wing moves dovnward, radlans per aecond

v true alirspeed, feet per second

ao slope of lift-coeffliclent curve per degree at
infinite aspect ratio, dey/da

ey 1ift coefficlent at & section, positive upward;
for contributing factors, see subscripts

a angle of attack at a sectlon, degrees

Vi Indicated alrspeed, miles per hour. (m\/ po)

P air density

Po alr denslity at sea level

Cw wing chord at any section, feet

Ca alleron chord at any section measured from hinge
1line to tralling edge, feet

vy coordinate measured along lateral axls of alr-
plane, feet

Y1272 coordinates indicatling, respectively, the filxed
posltlons for the Inboard and outboard edges
of the alleron, feet



Abg

Cr,
M
A(pb/2V) g

0Ba,

(55,

rate of change of sectlon angle of attack with
ailleron deflection for constant normal force
at section; used with prime to indicate the
valve at the sectlion for which wind-tunnel
date were obtained

alleron deflection, positive when the right
aileron 1= deflected upward, degrees

total alleron deflection measured as the angle
between the right and left allerons, degrees

wing twlat, positive when the leading edge of
right wing moves upward, degrees

wing span, feet
ving area

aerodynamic twistlng moment per unit span taken
about the aerodynamlic center, positive for
stalling moment, foot=pounds per foot

rate of change of pitching-moment coeffilcilent
per degree alleron deflectlon for constant
nornal force at sectlon; symbol 1s primed to
Indicate the value at the section for which
wind-tunnel data were obtalned

distance from aerodynamic center to elastic
center at a sectlon, positive when aerody-
namliec center 1a ahead of elastic center,
feet

over-all wing 1ift coefficlent; for contributing
factoras, see subscripts

Mach number; in expression d¥/dy, twisting

monment

reductlon in helix angle pb/2V due to side-

8lip

total alleron deflection requlred to balance
steady sldeslip

value of the helix angle pb/2V measured in
a roll from flight data



Alagy,

-y'

Cp.R.

QR

- total-alleron-deflectlon measured in a roll

from flight data

coordinate indicating fixed spanwilse position;
feet

torsionel moment acting .outboard of a sectlon

total aerodynamic twisting moment acting on
wing outboard of a sectlion, foot-pounds,

(78

concentrated torque applied at section near
wing tip, foot-pounds .

coefflicient of torsional rigldlity along span,
which 1s equal to 337E§' where d8/dy 1is
slope of deformation curve resulting from
concentrated torque M!

modulus of elasticlty 1n shear

area enclosed by line mldway between the inner
and outer boundaries of thin-walled section
of wing

wall thickness of wing section

perimeter measured by line mldway between inner
and outer boundarles of thin-walled section
of wing

torsion factor equal to 4Am%4¢ﬂ1; for thin-
walled tube in which skin has not buckled

= qbglgbcm/baa) oo

Subsoripts:

damp

alleron

ﬁsed to denote contribution of aerodynamilc
damplng to aerodynamlc characteristics of
alrplane

used to denote contrlibution of alleron deflec-

tlon to aerodynamic characteristics of alrplane

areqaseiimu,

R L ERY




twilst used to denote cdhtribution of wing twisting-to
aerodynamic characteristics of alrplane

ANALYSTS

The assumptlon 1s made that, during the steady phase
of a pure roll following the applicatlion of the allerons,
the rolling moments of an alrplane due to the aerodynamlc
demplng, the alleron deflectlon, and the wing twist are
in equllibrium. Thus,

Laamp * Latleron * Ttwist = O (1)

The changes in geometric incidence at any section vy,
which result from the damping, the alleron deglection,
and the wing twist are, respectively, EX, a 6a, and
vV’ \3%a ),

0. From the lifting-line theory (reference 7), therefore,
for a symmetrical wing-sileron arrangement, equation (1)
becomes

b/2
57.37; 32 / 8,cY2 4y
0

y2 b/2
= foq Jf ao(s%i) Bacwy 4y - fzq Jﬂ aglewy dy (2)
J1 Cn 0

where the normally insignificant rolling-moment contribu-
tlon due to the drag 1s neglected, and where p 1s taken
to be positive when the right wing moves dowvnward.

In equation (2), fy, fp, and fz are the aspect-

ratio corrections for the appropriate geometrlc angle-
of-attack distribution and plan form and the aerody-
namlic parameters 8o and (ba/baa)cn refer to values

appropriate to a Mach number and 11ft coefflcient for the
altitude and dynamic pressure q under conslderation.
Reference "7 shows that the aspect-ratlio correction for
an elliptical plan form 1s lndependent of the spanwlse
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distribution of geometric angle of attack.- Calculations
indicate, also, that for a wing having conventional
ellerons end a plan form that approximates the elliptical
(such as wings having taper ratios of sbout 1l.7:1 to 4:1),
differences in the values of f3, fg, and fz will

usually be negligible. For these cases, therefore, 1t
appears Justifiable to eliminate £y, fg, and fz from

equation (2). (For special cases, where the plan form
departs from the elliptical to a greater extent than in
the taper ratios mentioned, the rolling moments in equa-
tion (1) may be obtained by the method and date glven 1n
reference 2, in which the antisymmetrleal change in
geometric angle of attack due to wing twist 6, which
is to be determined herein, can be treated 1n the same
menner as that Indlcated for the change in angle of at-
tack due to alleron deflection (6a/bba)Cn.)

The dlstrlibutlons of spanwlse twlat 6 for use in
equation (2) may bpe obtailned from & consideration of the
aerodynamic torque and the elastic forces acting on the
wing.

During the rolling maneuver the 1ift force at any
sectlion consists of the component contrlbuted by the
alleron deflectionr, which acts at the center of pressure,
and the components due to the aerodynamic damping and
wing twilsting, which act at the aserodynamlc center of
the section. This resultant chordwise 1ift distribution
glves a twilsting moment at each sectlon having the value

aMm = 8 Sem aces Ay
a\35, A

ech2

+ L?laileron + (cldamp *+ cth1Btj] Cw 4y ()

In equation (3), ¢, 1s taken sbout the aerodynamic center

of the section; the térm in brackets is the resultant 1ift
coefficlent for the components due to the alleron deflec=
tlon, aerodynamic damping, and wing twilating; and e/cy

i1s the dlstance as & fractlon of the chord from the aero-
dynamic center to the elastic center, reckoned as positive
to the rear. In thls equation, the first term on the
right-hand side represents the total twisting moment of
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the section 1f the elastlc axls colncldes with the aero=-
dynamlc centcr and the second term glives the additional
twisting moment due to the displacement of the elastic
exls from .the aerodynamlc center. A conslderatlon of
the additional twlsting moment contributed by the dis-
placement of the elastlic center from the aerodynamlc
center shows that the twlsting moment wlll usually be
smell for conventional wing-alleron systems in which the
allerons have a span of about 40 to 50 percent of the
wing spen and extend to the spanwlse posltlon of about

20 to 100 percent of the wlng semlspan. This low value
for the addltional twlstlng moment follows from the fact
that the three-dimenslonal 1ift distributions due to the
alleron deflection, aerodynamlic deamplng, and wing twisting
tend to have slmilsr shepes because the preponderance of
the geometrlic sngle~of-attacl: distributlon due to each of
these components 1s In the outboard reglon of the wing;
consequently, because of the equllibrium of the rolling
moment and the similar shapes for the 1lift distribution
of the componrents, the magnltude of champ + CLtwist’

when each half of the wing 1s conslidered sepsrately, will
generally be opposlte in sign and of the same order as
the magnitude of Cr,yq.n0n® The factor e/cy 1s also

small for usuel wing sections because the elastlic center
1s in the vicinlty of the aerodynamic center. The addi-
tional twlsting moment In the case of conventional wing-
alleron systems, therefore, willl normally represent the
product of two small terms; hence, In most cases, for
practical 1limits of accuracy, the last term in equa~

tion (3) may be neglected as a second-order quantity.

In order to estimate the magnitude of the effect on
the rolling maneuverabllity of the additlonal twlstlng
moment due to the displacement of the elastlc axis from
the axls of aerodynamlc centers, computations were made
for a typlcal wing-alleron system having a 40-percent
alleron span extending to the wing tip in which the
elastlic axis was assumed to be at a constant dlstance of
10 percent of the chord length behind the axls of aero-
dynamic centers. The computatlions utlllzed experimental
data (furnished by the Army Air Forces), which were ob-
tained from torsional-rigldity tests for the P-47B wing.
On the basls of these calculations it 1s estimated that
the effect of the 1l0-percent dlsplacement of the elastlec
axls behind the axis of aerodynamic centers would be to
increase the rolling effectiveness by an amount of the
order of 1 percent or less for the complete range of
speeds up to aileron reversal. Inasmuch as the elastlc



axis in modern wing designs 1s usually located within
15 percent of the chord length from the aerodynamic
center, the conclusion regarding the negligible effect
of the additional twisting-moment term in equation (3)
eppears to be Justified.

The subsequent analysis will consider a wing of
tubular shell constructlon. The twlst of a sectlon
at a length y' from the wlng center line may be ex-

pressed as
'y!
oy! = Jr gg ay (4)
0

It 1s shown in references 8 end 9 for the case of tubes
having closed sectionsa, such as wings in which the wall
or skin 1s thin 1n conparilison with the other dimenslons,
that the angular twlist at any section of infinitesimal
width &y can be expressed in the form

dg _ T
&~ 1 (5)

where T 1s the torslonal moment acting outboard of the
sectlon, G 1s the modulus of elastlcity 1n sheer at the
sectlon, and K 1s a factor depending on the dimensions
of the sectlion and, as long as buckling of the skin does

not occur,
44,2

J, as/t

K =

If a concentrated torque is applled at a sectlon near the
wing tip, T 1n equstion (5)-1s constant along the span
and is equal to HM! by definltlon; consequently, equa-
tion (5) may be written

M!
dae/day

= Coq, g,

KG =

by definltion of Cgp g -
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"The factors K and G depend only on the modulus
of elasticity in shear and on the dimensions of the
section and can therefore be considered invarlant for
equivalent loads on the wing as regards T obtalned by
elther a concentrated or a dlstrlibuted torque; conse-
quently, the equallty of the product K& to Cp p, 1s

similarly valld for the case where T varles along the
span, or, from equation (5),

ae T

dy ~ Cp.R.

If this velue for d6/dy 1s substituted into equa-
tion (4), the twist at the spanwise position y!' be-
comes

ny
By =/ E—T-?_R.- dy (6)
0

In practice, the varlation of Cp g, &along the span

1s usually determined by applying a pure twisting couple
M' at a sectlon near the wing tip and obtalnling the
slope of the deformstlon curve de/dy from measwured
values of the angular twlst at varlous points along the
span. The foregolng procedure for determining the span-
wlse distributlion of twist 6 1n a rolling maneuver 1s
1llustrated for the case of a modern pursult alrplane

in table I(c) and in filgures 2, 3, and 4. .

As a result of the foregolng analysis, for the case
of conventional wing-alleron systems having approximately

elliptical plan forms of taper ratios from about 1l.7:1 to
4:1, equation (2) may be written

b/2
57.5$ Jf aocwy2 dy
0

Yo b/2
=l/p a°<§él) Sgewy dy - JP agfcyy Ay (7)
a/fc
71 n 0
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where 0 1s determined from equation (6), in which the
value of T at any spanwise position y 1s-

/'b/sz /2 dcny '
= -— 2
o)

Equations (7) and (8) are also applicable to the case of

a symmetrical wing-aileron plan form with differentially
operated allerons provided that the average aileron
deflection 1s used for &g. If (6cm/65a§cn 1s obtained

from low-speed wind-tunnel results, the value of this
parameter should be multiplled by a compressibility cor-

rection factor, such as 1A/l - M®, when used in equa-
tion (8). On the right-hand side of equation (7) the
first term represents the part of the rolling effective=~
neas contrlbuted Ly the rigld wing and the second term
represents the reductlon of rolllng effectliveness due

to wing flexibllity. The speed V 1s contalned in
equation (7) in the expression for 6, since ‘0 1s ex-
pressed in equation (6) as a function of T, and T 1is
expressed in equation (€) as a function of ¢

(or %pva). The alleron reversal speed can be obtalned

from equation (7) by plotting p or pb/2V against V
and noting the speed corresponding to the intersection
of the curve with the horizontal exis. If (0a/08g)q

and (écm/bﬁa)cn can be expressed analytically with

reasonable accuracy as functlons of V, the alleron
reversal speed can be obtalned by setting the lelft member
of equation (7) equal to zero and solving the equation
for V through 6 as previously explained.

RESULTS AND DISCUSSION
Calculated Results
Calculations were meade by the foregolng method for
the rolling effectiveness of a modern pursuit ailrplane at

varlious speeds, The detalls of the computatlons are
given in order to 1llustrate an application of the method.
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The calculatiors were made for the P-47C-1-RE alr-
plane for a range of iindlcated airspeeds from 150 mlles
per hour to the alleron reversal speed at an altitude of
approximately 4000 feet. The two-dimensiondl slope of
the lift-coefficlent curve a, was assumed constant

along the span and was therefore eliminated from equa-
tion (7). ‘The dimensions of the wing-alleron system
were obtelned from drawings supplied by the Republic
Avietion Corporatlion and are gilven in figure 1 and .
table I. The values for the amerodynamic parameters

(?il (b ) in -equations (7) and (8)’
6q

respectively, were based on two-dimensional test re-
sults obtalned from unpubllished tests made in the NACA
8-foot high-speed tunnel for & sectlon at the midalleron
span of the P-47C-1-RE alrplane. Because the ratio of
alleron chord to wing chord verlsd slgniflcantly along
the span, the test results for the midalleron section
were extrapolated -on the basls of the theoretical curves
of figure 1 of reference 10 in order to obtaln the corre-
sponding values at the other alleron sections; that is,
1t was assumed that thse ratio of the actual alleron ef-
fectlveness at any section to the theoretical value was
the same as the corresponding ratlo deduced for the
section tested 1n the wind tunnel. Thus,

[

da n|theor [/da

(a'az)c ] : aa)crl (9)
' )cn theor

where the primed symbols refer to ‘the values as obtalned
for the section tested in the wind tunnel. A corre-~
sponding relationship was alsc assumed for

(%%E «» The varlation with Vi of the parameters
acn

[ oa ' and (&mn) ' is shown in figure 2 The
[m)cn ] 6_5;" Cn )



13

values given in the figure are based on the unpublished
data from the 8-~foot high-speed tunnel for an ailleron
deflection of +4° at a wing 1ift coefficient and Mach
number appropriate with reasonable accuracy to the
P-47C-1~RE airplane at an altitude of approximately
4000 feet.

The, torsional rigidity of the wing was obtained from
experimental data furnished by the Army Alr Forces,
Materiel Center, VWright Fleld, Ohlo for a prototype P-47B
alrplane. The P-47C-1-RE airplene wing structure 1s the
seme as that for the P-47B, although the sharp-nose
Frise aillerons of the P-47B were modified for the
P~47C~1~RE by introducing a blunter nose. The tests at
Vright Fleld were made by applyling a pure twilisting couple
at a section near the wing tip and measuring the angular
twilst at various stations along the span. The variae-
tions along the wing semlspan of the twist 6 per unlt
M' and of the torsional-rigldity coefficient Cq ., as

obtained by the foregoing tests are shown 1n figure 3.
The spanwlse variations of the aerodynamic twisting
moment due to the rolling maneuver dM/dy and the re-
sulting total twlstlng moment outboard of any section T
were calculated by means of equation (8). In the com-
putations the effect of the dlsplacement of the elastic
center from the aerodynamic center on the aerodynamlc
torque due to the rolling maneuver was neglected because
data obtained from the Republlic Aviatlon Corporation
indicated that the elastic axls for the P-47C-1-RE wing

was of the order of 5% percent of the chord length back

of the gquarter-chord point. The spanwise twist distri-
bution during the maneuver was computed from equation (6)
by obtaining the value of T/Cqp_ r, at several stations

along the span and plotting these values as a functlon of
the spanwlse positlion Yy. The twlst at any section 1s
then equal to the area of the resultant curve measured
from the center of the wing span to the desired statlon.
The distributions of dM/dy, T, and 8 in terms of
the alleron deflection, dynamic pressure, and pitching-
moment-coefficlent derivative at the test section

[( ) ] are shown 1in flgure 4,
cn

The detalled steps and the numericel results obtained
in the evaluatlon of the three members of equation (7) per
unit alleron deflectlion are shown in table I. For
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convenience 1n making the summation indlcated at the end
of this table, the respective formulaes for the three
terms are referred to as I(a), I(b), and I(c). The
specific computations for each term are given separately
in the.(a), (b), and (c) parts of the tebls. It should
be noted at this point that the umilt alleron deflection
referred to 1s for one alleron and consequently the
graphical integration given in the table is divided by 2
in order to present the results in terms of the total
alleron deflectlion Abg.

On the basis of the foregoing data,

% 0.00819 K ) ] -0 ooozsmli(“a)c] (10)

where Ezégv is the value of the hellx éngle per degree
a

total aileron deflection measured as the angle between

t
the right and 1eft allerons. Values for | (29
- 364 en

and (. > for use in equation (10) were obtalined
Cn

from figure 2 at the V4 corresponding to the dynamlc
pressure Q.

The results of the calculations are presented 1n
figure §. Figure 5(a) gives the varlation with Vi of
the effective helix angle pb/2V per degree total
alleron deflection both for an assumed rigild wing and for
the actual flexible wing in a pure roll at an altitude of
approximately 4000 feet. The flgure shows that, at
V4 = 400 miles %zf hour, the effect of wing flexibility

1s to reduce Abg from 0.00343 to 0.00239, end that

alleron reversal occurs at Vy; = 545 mlles per hour.
Figure 5(b) surmmarizes the calculated results from
figure 5(a) and gives the variation with Vi of the

ratio of X 2V for the flexlble wing to the value for
a

the assumed rigid wing. This figure shows that at

V4 = 400 miles per hour, the allerons for the P-47C-1-RE



15

airplane are only €69 percent as effective 1ln the actual
flexible wing es in an assumed ¥igid one. ~Théseée =~
gquantitative results are based.on data for a total alleron
deflection of 8°. Because of the varlation of compres=-
8lbility effects with alleron deflection for Frise
allerons the quantitative results may be notlceably dif-
ferent for very small deflectlons.

Comparlson of Gﬁlculated and Flight Results

Figure 6 presents a comparlson of the calculated
rolling effectiveness with flight results for the
P=47C-1~RE airplane for a range of V5 from 150 to

405 miles per hour at an altitude of approxlmately

4000 feet. The calculated results show the rolling ef-
fectlivenesas for the assumed rigid wing and also the
rolling effectiveness when allowance 1ls made for the wing
twlst and sidesllip which accompanied the actual rolling
maneuver, The flight data shown in figure 6 are based
on unpublished results from tests conducted by the NACA
on the P-47C-1-RTL alrplane. In these tests the angular
deflectlions of the allerons represent values measured at
the lnboard edge of the alleron span. The measured .
alleron deflections thus eliminate the factor of stretch
in the alleron control system but the assumption is made
that the aileron deflectlon at the inboard edge of the
alleron span 1s representative of the deflections over
the entlre alleron span.

In figure 6, curve A gilves the calculated value
for B%égz— for the assumed rigld wing in pure rolling.

Curve B presents the results of curve A corrected for

the sideslip and wing llexibillty. The magnitudes of
the corrections due to sldeslip as represented by curve C
were obtalned by taking the measured values of the slde~
slip at the time of maximum rolling velocity and then
employing flight data based on the P-47B alrplane for the
alleron deflectlion required to balance the measured
magnitude of steady sideslip. As the rolling criterion
pb/2V 1s directly proportional to 85, the ratio of the

alleron deflectlon required to balance the sldeslip to

the deflectlon measured in the roll is equal to the corre-
sponding ratio of the loss of pb/2V caused by the side-
slip to the sum of the measured pb/2V and the magnitude -
of the reduction in pb/2V contributed by the sideslip.
This relationshlp may be expressed in the form
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A(E%) _ 88,

fl

or by the equivalent formula

Ab

A(S%)s Aﬁafl - Aba ( )fz

where A(E%)s refers to tﬁe loss In pb/2V due to side-

slip, Aby, 1s the total alleron deflection required to

balance the sideslip, and the subscript fi 1s used to
indicate the measured values obtained in flight. The

reduction 1n B2EZY gue to wing flexibility given in
a

curve D of flgure 6 represents the dlfference in rolling
effectiveness between the rigid and flexlible wing as
determined from figure 5(a). The flight results in

- flgure 6 (deslgnated by circles) represent the average

value of 2%%2! for right and left rolls. The flight

values were obtailned for a total alleron deflection of: 8
by plotting the measured values of pb/2V ageinst AGg

for each of the indlcated airspeeds and using the falred
values of pb/2V dt A8y = 8%,

The comparison-in figure 6 of the calculated results
with the flight results iZdicates good agreement when the
40g

calculated values for are corrected for wing

flexibllity and sideslip. The greater values of rolling
effectiveness in flight than the calculated values, at
speeds above approximately Vi = 350 mlles per hour, may

be explalined to some extent by the fact that the flight
results are based on alleron deflections measured at the
inboard edge of the alleron, whereas the crank for the
P-47C~1~RE alleron control system 1s located at the
center of the alleron span; consequently, the effective
aileron deflection along the span 1s llkely to be
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somewhat greater then the value measured at the inboard
--- -pgdge because -of the twisting of the.torque tube.

. On the basls of the foregolrig comparison, 1t appears-.
that, when stretch In the control system is neglected,
the usual discrepancy which has been found between wind-
tunnel and flight alleron effectliveness can be fully
accounted for by the sldesllp and wing twlst that ac-
companies the roll.

In figure 6, &8 1s to be expected, the reduction in

2 iv due to sldesllp varles approximately inversely as

the square of the speed; whereas the loss due to wing
flexibility increases approximately as the square of the
speed. On thils basis the trend 1ls for the flight re-
sults for a certaln range of comparatively low speeds to
show little or no reductlion in aileron effectiveness
wlth increasing speed because the reduection in pb/2V

due to the wing twist 1s belng compensated for by the in=-
crease 1n pb/2V dGue to the smaller sideslip at the
higher speed.

COKCLUSIONS

1. The calculated results of the present analysls
indicate that the alilerons of the P-47C-1-RE airplane
when deflected +4° at 400 miles per hour indicated air-
speed at approximately 4000 feet alitltude are only
69 porcent as effactlive 1In the actual flexihle wing as
in an assumed rig.d wing, and alleron reversal occurs
at 545 mlles poer hour indicated alrspeed.

2. The comparison of the calculated rolling effec-
tivenesns based on wind-tunnel data for the aerodynamic
paremeters of the wlag--elleron szs’tem Indicates good sgree=
ment with available flilght results when allowance is made
for the sldesllp and wing twist which accompanlied the roll. .

Langley Memorial heronautical Laboratory,
Natlonal Advisory Commlttee for Aeronautics,
Langley Field, Va.
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TABLE I.- COMPUTATIONS FOR ﬁ/&ﬂ.; P=47C~1-RE AIRPLANE
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oy oY ouy? rro-. ca/Cw L n u;;or isl)e theor Eu/ao.),n]I 2
(£t) (££%) (rt3) 1ine, 0 oference 10, 56
£ig. 1
(£e)
(from equa-
tion (9))
[} 9.04 [+] ]
2.42 9.00 21.76 52,59
4,33 8.83 38.28 165.9
5.33 8.71 46.48 247.8
8,87 8,19 70.97 615.2
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13.50 7,03 94.87 1281 1.32 .188 537 +976 2.63
15.17 6.47 98.12 1488 1.29 «200 550 1.000 98.12
16,00 6.06 96.99 1552 1.27 +«209 +560 1.018 98.74
17.67 8.20 91.81 1622 1,03 +198 545 «901 90.98
19.34 S.64 70.43 1362 «40 +110 41 +768 53.14
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By graphical integration, By graphical integration,
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o ™M X ' f /%0 .y ay = 45 213
n AN
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I(s) = 67.3% j cyy? ay
(4] Y2 ’
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11.00 0.0104 0.929 59.32 55.09 323.2 .003871 009644 8342
13.50 .0111 991 49.37 48.93 198.1 004014 .02048 1.943
15.17 .0112 1.000 41.84 41.84 120.1 .003087 .02636 2.887
16.00 .0112 1.000 36.72 38.72 a87.3 002410 02859 2.776
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By use of equation (7) with 084 given in

terms of the total alleron deflection,

45500

B
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v
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40q

28, _ aBq ~ A0g
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